A ge-related macular degeneration (AMD) is a disease that affects central vision and all the functions of central vision, including detailed perception, reading, and face recognition. [1] [2] [3] [4] [5] [6] Although it has been demonstrated 7, 8 that people with AMD can categorize isolated objects with a high degree of accuracy (>75%), objects encountered in real life rarely appear in the absence of some sort of background. In real life, objects are embedded in complex scenes, with clutter, occlusion, and other factors, such as luminance, crowding, and lateral masking, all making recognition harder to achieve. In this type of situation, recognition can be improved by other factors, such as familiarity, expectations, and contextual information. The ''context effect'' refers to the influence of an object's environment on the perception of that object.
A large body of literature data from behavioral visual cognition, [9] [10] [11] [12] [13] [14] electrophysiology, 15 and brain-imaging studies [16] [17] [18] [19] in normally sighted people shows that contextual information affects the efficiency of the object search and recognition. There is a general consensus whereby objects appearing in a consistent background (e.g., a toaster in a kitchen) are processed more accurately and/or more quickly than objects appearing in an inconsistent background (e.g., a toaster in a bathroom), although Hollingworth and Henderson 20 failed to observe contextual facilitation in a detection task. Behavioral research has shown that seeing a familiar context automatically activates the representation of objects typically found within that scene, as well as their typical locations. [9] [10] [11] [12] [13] [14] 21, 22 Further evidence for the facilitation of object recognition and location by context comes from studies of visual search tasks 23 and action-related tasks, [24] [25] [26] such as preparing a sandwich or a cup of tea. The scene context in these tasks directs attention to the object-relevant locations within the scene. Interestingly, contextual binding of an object and its background can operate in the absence of explicit instruction in that respect. For example, Goh and colleagues 16 used functional magnetic resonance imaging during a passive viewing task to show that brain areas (the bilateral parahippocampal areas), other than those involved in scene processing or isolated object processing, showed adaptation only when the unique pairing of an object with its background scene was repeated.
So, do people with impaired central vision take advantage of contextual information for object recognition? In light of previous studies on normally sighted people, one might expect object recognition in realistic scenes to be facilitated by congruent association between the target object and its background. However, the extent to which visually impaired observers are able to use the richness of peripheral vision and spatial layout information to guide object recognition in complex scenes has not yet been fully explored. Even though one can legitimately expect a consistent context to aid object recognition (e.g., a piece of furniture is more likely to be found indoors than outdoors), we cannot rule out the possibility whereby people who have to rely on peripheral vision may not necessarily be able to take advantage of contextual information. Indeed, crowding is known to have stronger effects in peripheral vision. 27 For instance, Tran et al. 8 investigated the influence of background information on object categorization. Patients with AMD and normally sighted, age-matched controls were asked to press a key whenever they saw a target object (an animal). The target was sometimes presented on a white background, sometimes in its normal setting (e.g., a lion in the savanna) and sometimes in a meaningless, nonstructured background. The people with AMD detected the target more reliably when it was isolated than when it was in its natural setting, although accuracy was higher when the target appeared against a meaningful background than against a meaningless background. This suggested that implicit, automatic processing of the scene layout might be occurring. However, we do not know whether the association between the object and its background was processed consciously or not and whether the benefit provided by the background stemmed from its meaning or from its degree of structural organization (since meaningful, structured backgrounds were compared with meaningless, nonstructured backgrounds).
The present study was designed to investigate whether contextual information provides additional cues in cases of image degradation due to impaired central vision, and whether people with AMD are able to explicitly associate an object and its background. The participants' performance was assessed in two tasks: (1) a categorization task in which a target object was located in a congruent or an incongruent background (with no information being given to the participants as to the relationship between the target and its background), and (2) a task in which the participants were asked to explicitly state whether or not a target object was related to the background. The same participant stimuli and exposure conditions were used in both tasks. Our hypothesis was that people with central vision loss would compensate through more effective use of their peripheral vision.
PATIENTS AND METHODS

Patients
The study included 22 patients (14 women) with neovascular AMD (as confirmed by fluorescein angiography). The patients' mean 6 SD age was 78 6 7 (range, 61-87). None of the patients exhibited cognitive impairments, as assessed by the Mini Mental State Evaluation (MMSE) score (mean: 27.5 6 1.68; range, [25] [26] [27] [28] [29] [30] . Neovascular AMD was confirmed by fluorescein angiography. Only one eye was studied. In cases of bilateral AMD, we considered the eye with the best corrected visual acuity. If both eyes had equal acuity, one eye was selected at random. The patients had a visual acuity of 0.5 6 0.2 logarithm of the minimum angle of resolution (logMAR) (approximate Snellen visual acuity: 20/63). The study's inclusion and exclusion criteria are displayed in Table 1 .
Controls
An age-matched control group with normal visual acuity was composed of 18 participants (15 women), with a mean age of 76 6 5 (range, 64-89). The mean MMSE score was 28.4 6 1.6 (range, [25] [26] [27] [28] [29] [30] . None of the control participants had ocular or neurological diseases. The mean visual acuity was 0.07 6 0.05 logMAR. Control participants were either patients who had undergone cataract surgery or relatives of participants with AMD. Controls were tested on a single, preferred eye. The group's clinical and demographic data are summarized in Table 2 .
Participants with AMD and controls were recruited between January and July 2011 by the Department of Ophthalmology at Saint Vincent de Paul Hospital, Lille, France. The study was approved by the ethics committee of Lille, France (CPP Nord-Ouest IV), and performed in accordance with the tenets of the Declaration of Helsinki. Written, informed consent was obtained from all participants.
Clinical Examination
Ophthalmologic Examination. The best corrected visual acuity was determined using Early Treatment Diabetic Retinopathy Study charts at a distance of 4 m and was converted to logMAR visual acuity for statistical purposes. A slit-lamp examination, IOP measurement, and funduscopy were performed on all patients and controls.
Imaging Procedures and Lesion Size Measurement. The diagnosis of neovascular AMD was confirmed by fluorescein angiography, as described elsewhere. 8 The lesion's area (in mm 2 ) and greatest dimension were measured from digital angiograms by using image analysis software (software, Heidelberg Engineering, Heidelberg, Germany) to outline the lesion. 28, 29 Clinical assessments and experimental tasks were performed during the same visit.
Stimuli and Apparatus
The stimuli were displayed on a 30-inch color monitor (Dell, Roundrock, Texas) connected to a computer (Dell T 3400). The stimuli consisted of 14 different backgrounds (color photographs of natural scenes) taken from a large commercial CD database (Corel Corp., Ottawa, ON, Canada). Scenes were manipulated so that the background and object could be either congruent or incongruent. Joubert et al. 30 have shown that simply pasting an object onto another photograph affects performance. To control for the effect of manipulating scenes, the target objects (animals and pieces of furniture) were cut out of their original photograph and pasted onto another background. Each object was pasted onto a congruent VA, visual acuity. FIGURE 1. Quartets of scenes: each animal and each piece of furniture appeared on the same congruent and incongruent backgrounds. In the present experiment, congruency was defined as natural background for an animal and an indoor scene for a piece of furniture.
background (i.e., a natural scene for an animal or an indoor scene for a piece of furniture) and an incongruent background (i.e., an indoor scene for an animal or a natural scene for a piece of furniture) at the same spatial location. Quartets of images were built so that each animal and each piece of furniture appeared on the same background (once in a natural scene and once an indoor scene). Examples are shown in Figure 1 . The quartets had been built in the CerCo laboratory in Toulouse, France, in order to study how aging modulates the influence of context on object processing. 31 We selected 14 CerCo quartets in which the target object was relatively large and not camouflaged. The photographs were displayed on a light gray background (56.2 cd/m 2 ). The software was developed in-house in Cþþ. Half of the scenes contained an animal and the other half contained a piece of furniture. The image resolution was 768 (horizontal) 3 512 pixels, with a screen resolution of 2560 3 1600 pixels. At a viewing distance of 1 m, the angular size of the pictures was 208 horizontally and 158 vertically.
Responses were given via a key box connected to the computer.
Procedure
After the display of a black (58) central fixation cross for 500 ms, an image was centrally presented on the screen. Both tasks used the same pictures, the same participants, and the same presentation conditions.
In the ''context'' task, participants were given the name of a target verbally at the beginning of the experiment and asked to press a key when they saw the target. Half of the participants in each group were given an animal as a target and half were given a piece of furniture as a target. There were 56 trials, defined by the context (congruent/ incongruent), the category of the target (animal/furniture), and the 14 different backgrounds. Hence, there were 28 trials with animals and 28 trials with pieces of furniture. For each of the two categories of target object, there were 14 trials with a congruent background (e.g., an animal set against a natural background) and 14 with an incongruent background (e.g., an animal in an indoor scene). The animals, pieces of furniture, and congruent and incongruent contexts were represented randomly and in equal proportions. Participants were told that 50% of the photographs would contain the target but not that it could appear on a congruent or an incongruent background.
In the ''congruency'' task, participants were asked to press a key only when the foreground object and the background scene were congruent and to refrain from pressing a key when they were incongruent. They were told that ''congruency'' meant an animal on a natural background or a piece of furniture in an indoor scene. Before the task, participants were shown examples of congruent and incongruent combinations on paper. The same 56 images were used in the context and in the congruency tasks but presented in a different order. In both tasks, the exposure duration was set to 300 ms for patients and 100 ms for control participants, to allow a single fixation only. The shorter exposure time for controls than for patients was based on a pilot study showing that normally sighted people reached a ceiling in performance with an exposure time of 300 ms. The intertrial interval was set to 2 seconds. The experiment lasted about 5 minutes for each task.
Correct responses thus included ''hits'' (e.g., pressing the key when an animal was displayed and the target was an animal) and correct rejections (e.g., not pressing the key when a piece of furniture was displayed and the target was an animal). Errors were false alarms (e.g., pressing the key when a piece of furniture was displayed and the target was an animal) and omissions (e.g., not pressing the key when an animal was displayed and the target was an animal). A d' index of sensitivity was computed on the data.
Statistical Analysis
All analyses were carried out with the software SPSS (version 18.0 for Macintosh; SPSS Inc., Chicago, IL). Analyses of variance were performed on response times (RTs) and on the index of sensitivity (d') for each task. For d' data were analyzed using a generalized linear mixed model. In the context task, the between factors were the group (people with AMD versus normally sighted controls) and the target category (animal versus piece of furniture) and the within factor was the type of background (congruent versus incongruent). In the congruency task the between factor was the group (people with AMD versus controls) and the within factor was the object category (animal versus piece of furniture). Performance in terms of d' is presented in Figure 2 . The distribution of response times in the context task is shown in Figure 3 .
The Context Task
RTs were significantly shorter (by 159 ms, F 1,36 ¼ 11.5, P < 0.002) for controls than for people with AMD, but sensitivity did not differ significantly between group (controls: d' ¼ 3.32 versus patients: d' ¼ 2.91, F 1,38 ¼ 1.06, NS). Sensitivity was higher (F 1,24 ¼ 4.10 , P ¼ 0.05) for congruent object and background pairs (d' ¼ 3.36) than for incongruent object and background pairs (d' ¼ 2.87). However, RTs did not differ significantly (513 ms and 525 ms for congruent and incongruent backgrounds, respectively; F 1,36 ¼ 0.59, NS). There was no main effect of target category for either sensitivity (F 1,38 ¼ 0.57, NS) or RTs (F 1,36 ¼ 0.9, NS). The better sensitivity for the congruent background was observed for both categories of targets. There was no significant interaction involving category. Figure 3 shows that the advantage for congruent object and background pairs over incongruent object and background pairs occurred earlier for controls (peaking at approximately 350-400 ms) than for patients (peaking at approximately 500-550 ms). Controls scored the same proportion of hits and correct rejections (0.90 and 0.91, respectively), whereas patients produced more correct rejections than hits (0.92 and 0.79, respectively). In terms of errors, patients did not record significantly more false alarms than controls did (0.08 vs. 0.10, respectively) but the proportion of omissions was higher for patients than it was for controls (0.21 vs. 0.09, respectively; F 1,36 ¼ 6.99, P < 0.012).
The Congruency Task
The only significant main effect was that of group, with a higher sensitivity for controls than for patients (d' ¼ 2.06 vs. 1.08, respectively; F 1,38 ¼ 15.25, P < 0.001). The proportion of correct detections (i.e., the hit rate) for congruency between the object and its background was very low for patients and did not differ from chance (furniture: 0.48, t 21 ¼ 0.4, NS; animals: 0.48 t 21 ¼ 0.3, NS), whereas it did differ from chance for controls (furniture: 0.65, t 17 ¼ 2.87, P < 0.01; animals: 0.75, t 17 ¼ 3.89, P < 0.001). As in the context task, the results showed a bias toward correct rejections in the patient group (0.8), whereas the numbers of hits and correct rejections were similar in the control group (hits: 0.7; correct rejections: 0.79). There were no significant differences between the two categories of objects in terms of either sensitivity or RTs 
Correlations between Task Performance and Clinical Data
Visual acuity was correlated with the lesion's size both with diameter (r ¼ 0.65, P < 0.0001) and surface area (r ¼ 0.7, P < 0.0001). No significant correlation was found between visual acuity and accuracy in either the context task or the congruency task. A correlation between accuracy and lesion size was found when the object was incongruent with the background (diameter r ¼ À0.41, P ¼ 0.05; surface area r ¼ À0.46, P ¼ 0.2). A significant correlation between lesion size and RTs was observed when the object was congruent with the background (diameter r ¼ 0.52, P ¼ 0.007; surface area r ¼ 0.43, P ¼ 0.031).
DISCUSSION
Studies on normally sighted people have reported that performance is facilitated when an object is consistent with its background (relative to an inconsistent context). This effect of context has been found in a variety of tasks, including visual search 23 and identification 14, 21, 22 ; however, the results have been less unambiguous for detection tasks. For example, Biederman et al. 9 and Boyce and colleagues 10, 11 reported that the detection of an object (e.g., a sofa) was facilitated when it was semantically consistent with its background (i.e., an indoor scene) than when it was semantically inconsistent (i.e., a street scene). In these studies, an object's name was first displayed and was followed by a mask (random lines) comprising a cue (a black dot) and then the scene. Participants were asked to decide whether or not the object located at the cue matched the word (yes/no). Hollingworth and Henderson 20 demonstrated that the context effect in this task resulted from a bias. Indeed, they observed facilitation for consistent object and background pairs when the label was displayed before the scene (in experiment 1) but not for the detection of consistent versus inconsistent object and background pairs when the target's label was displayed after the scene (in experiment 3). They suggested that when the label is displayed before the scene, participants exhibit a response bias with a tendency to respond ''yes'' more frequently when the target label (rather than the object) is consistent with the scene.
In people with AMD, several studies have been designed to investigate the effect of background information on object recognition. Boucart et al. 7 reported that object categorization was facilitated when objects were located on a homogeneous white background than when the same objects appeared in a scene. In the same line, Bordier et al. 32 found a reduction in the spatial frequency bandwidth necessary for image identification when the background was attenuated by lowering its luminance (i.e., the background of the base image was selectively darkened by 80% of its original luminance) both for patients with AMD and for young observers. These results suggest that reduction of crowding improves categorization and identification performance in people who must rely on their peripheral vision. More recently, Wiecek et al. 33 compared visual search performance in different versions of scenes (e.g., original image, gray scale of the original image, edge segmented image, objects on a gray uniform background, 50% contrast masked background). Participants were asked to detect a predefined target object in a scene. They found no significant difference in search duration, or accuracy, across the different manipulations of images but, in their study, vision was binocular and there was no time constraint. They suggested that the lack of improvement may be attributed to a decrease in contextual information about the target object when it is removed from its background. Consistent with this account, Tran et al. 8 found that a meaningful consistent background facilitated object categorization in patients with AMD as compared with the same object on a meaningless background.
In the present study, both people with central vision loss and control participants benefited from contextual information in the object detection task. Indeed, in the context task, performance was better for congruent object and background pairs than for incongruent object and background pairs, even though participants were specifically asked to attend selectively to the object. Hence, our results do not indicate a response bias induced by verbal communication of a target label before the session. 20 Indeed, this type of bias would have been reflected by a higher proportion of false alarms. A bias to more omissions and more correct rejections (i.e., the absence of a key press) was observed in the patients' group, suggesting that patients pressed the key when they were confident that their designated target was indeed present.
The facilitation for congruent object and background in the context task (in which participants were asked to attend only to the object) suggests the implicit processing of contextual information. However, when asked to associate explicitly the object with its setting (in the congruency task), the same patients had trouble processing the images that they had just seen in the context task. Normally sighted people also showed worse performance in the congruency task than in the context task, although their proportion of hits was much better than chance (while it was no better than chance for people with AMD). Why, then, did contextual information influence object detection implicitly but not explicitly in people with central vision loss? A recent study 34 in our team investigating scene exploration with an eye tracker showed that people with AMD fixated systematically outside the region of interest, which was the central object (in a scene), but were nevertheless able to name the object correctly in more than 70% of cases (although they used the category name, e.g., ''an animal,'' more than the exact name, e.g., ''a bear''). A coarse peripheral, perception of the object may have been enough to dissociate an animal from a piece of furniture in the context task but insufficient to decide whether the same object was congruent with its background in the congruency task. Normally sighted elderly were also impaired in the explicit association of an object and background as compared with the implicit processing of background information in the context task. This is consistent with studies showing a deficit in ''binding'' an object to its background in elderly. This is attributed to a reduction in attentional resources in older people. 35 In the context task, the advantage for a congruent object and background pair over an incongruent object and background pair occurred at approximately 400 ms in normally sighted controls (see Fig. 3 ), which is in the normative range for young adults. 36 This suggests that context might influence object categorization early (i.e., at a predecisional stage). The benefit from congruency occurred 100 to 150 ms later for people with AMD, even though the latter were provided with 200 ms more exposure time than normally sighted controls were. Given that perception of the foreground object was impaired by central vision loss, it may be that people with AMD processed the peripheral background in the context task and tried to infer the category of object from that background. When the background depicted an indoor scene, the object was likely to be a piece of furniture and, conversely, when the background was a natural scene, the object was likely to be an animal. This type of strategy should have increased the false alarm rate unless patients pressed the key only when their degree of confidence was high and refrained from pressing the key if their confidence was low, thus increasing the RTs and the number of omissions and correct rejections.
Our knowledge of the indoor and outdoor visual environments dictates our predictions about what objects to expect in a scene and where to expect them. These context-driven predictions facilitate object recognition and object search. 23 If contextual information is to assist the recognition process, it has to be extracted rapidly. Bar 37 suggested that rapid extraction is mediated by global cues that are conveyed by low spatial frequencies in the image. This coarse information is projected early and rapidly from the visual cortex to the prefrontal cortex and the parahippocampal cortex (possibly through the magnocellular pathway), where it can activate a scene schema. This representation is then refined and further substantiated by specific details that are gradually conveyed by higher spatial frequencies. This model is supported by brain imaging studies in normally sighted young adults. 38, 39 There is evidence to suggest that the retinal cells involved in the magnocellular pathway are present in greater numbers in the periphery of the retina. 40, 41 Research has shown that people with AMD are able to categorize scenes as natural/urban or indoor/outdoor with high accuracy at an exposure duration that prevents more than a single fixation. 42 We therefore hypothesize that the peripheral part of the scene was processed by people with AMD at much the same speed as controls (although not necessarily consciously) and was used to make inferences about the category of object likely to be found in that context. Animal studies suggest that the periphery is involved to some extent in shape perception in the dorsal stream, which is related to the magnocellular pathway. 43, 44 For instance, Palmer and Rosa 45 found that the dorsomedial visual area can contribute to shape perception (i.e., the extraction of contours) when there is significant input from peripheral vision. Furthermore, the representation of the far retinal periphery in middle temporal area receives specific connections from parahippocampal and retrosplenial areas, 46 both of which are involved in scene perception. 47, 48 Our study showed that people with central vision loss are able to implicitly associate an object and its background with a success rate (>75%) that greatly exceeds chance. However, we used only two categories of object (animals and pieces of furniture), two categories of environment (indoor scenes and natural scenes), a small number of pictures, and a detection task. Whether the facilitation with congruent object and background pairs would occur in more realistic conditions (i.e., in an identification task with a large variety of objects and backgrounds and more crowded scenes) remains to be established.
